MUC1 (MUC1 in human and Muc1 in nonhumans) is a membrane-tethered mucin that interacts with

P
seudomonas aeruginosa (PA) 3 is an opportunistic pathogen responsible for pneumonia in immunocompromised patients and chronic lung diseases such as cystic fibrosis. Innate immune responses by alveolar macrophages and epithelial cells are a major first line of defense following PA lung infection (1) (2) (3) . Interactions between pathogen-associated molecular patterns and pattern recognition receptors, e.g., TLRs on resident airway macrophages and epithelial cells, result in the release of proinflammatory cytokines and chemokines, including TNF-␣ and IL-8 (4, 5). Flagellin, the major immunogenic protein of the bacterial flagellum, signals through TLR5 (6) . Proinflammatory molecules released by airway cells recruit leukocytes and enhance the bacteriocidal activity of neutrophils and macrophages. However, the detailed molecular and cellular events following PA exposure that are responsible for bacterial clearance from the airways remain to be established.
MUC1 (MUC1 in human, Muc1 in nonhumans) is a membrane-tethered mucin expressed on the apical surface of glandular epithelial cells and hemopoietic cells (7, 8) . The MUC1 cytoplasmic tail (CT) is highly conserved among species (9) and is phosphorylated on tyrosine and serine residues located within docking sites for Src homology-2 and non-Src homology-2-signaling molecules (10 -12) . It has been suggested that MUC1 functions during signal transduction in a manner similar to cytokine receptors (10) , but the cellular function of MUC1 remains to be determined. Our previous studies demonstrated that Muc1 was a receptor for PA, and PA binding was mediated through flagellin leading to phosphorylation of the Muc1 CT (13) (14) (15) . The current study was undertaken to elucidate the role of MUC1/Muc1 during PA-and flagellin-induced airway inflammation. Our results demonstrated that Muc1 null mice cleared inhaled PA better than their wild-type littermates and exhibited enhanced inflammatory responses to PA and flagellin. Mechanistic studies using a human epithelial cell line indicated that MUC1 suppressed flagellin-driven production of inflammatory cytokines via crosstalk with TLR5.
Materials and Methods
Experimental PA lung infection
Muc1
Ϫ/Ϫ mice and their FVB background Muc1 ϩ/ϩ littermates have been described previously (16) . PA strain K (PAK) was cultured in Luria broth and resuspended in PBS. Mice were anesthetized by i.p. injection of ketaminexylazine (Sigma-Aldrich) and 1 ϫ 10 5 or 7.0 ϫ 10 5 CFU applied intranasally (i.n.) in a 40-l suspension. Lungs were excised at 4 or 16 h postinfection, homogenized in 10 ml of PBS, and CFU were enumerated on Luria agar plates. Bronchoalveolar lavage fluid (BALF) was collected by 3 ϫ 1.0-ml instillation of normal saline. All animal procedures were approved by the Institutional Animal Care and Use Committee of the University of Maryland (Baltimore, MD).
Isolation and culture of mouse macrophages
Macrophages were harvested from BALF or the peritoneal space, and erythrocytes lysed with 10 mM Tris-HCl (pH 7.2) containing 150 mM NH 4 Cl. Peritoneal macrophages (PM) were harvested after treating mice i.p. with 3% thioglycollate for 3 days. The recovered cells consisted of Ͼ95% macrophages as determined by immunofluorescence using the F4/80 macrophage marker (eBioscience). Cells were seeded in 24-well tissue culture plates at 1.0 ϫ 10 5 cells/well in DMEM containing 10% FBS, 100 U/ml penicillin, and 100 g/ml streptomycin, and allowed to adhere for 24 h before flagellin or LPS (PA10; Sigma-Aldrich) treatment.
Nucleofection of normal human bronchial epithelial (NHBE) cells with MUC1 small interfering RNA (siRNA)
Primary NHBE cells (Cambrex) were propagated in antibiotics-free BEGM medium (BulletKit; Cambrex) and transfected with 1.5 g of a 21-bp siRNA with a sequence derived from the MUC1 gene (17) (Dharmacon) or a nontargeting control RNA (Dharmacon) using the NHBE Nucleofector kit (Amaxa) according to the manufacturer's instructions. Following nucleofection, the cells were cultured in 12-mm Millicell inserts coated with human placenta collagen type IV (7.5 g/insert) (Sigma-Aldrich) at 2.5 ϫ 10 5 cells/insert in 24-well plates using air-liquid interface medium (18) .
Plasmids and transfections
The MUC1-⌬CT plasmid containing a deletion of the CT was constructed by BamHI/KpnI digestion of the full-length MUC1 encoding plasmid (19) , purification of the 3.3-kb fragment containing the MUC1 extracellular and transmembrane regions, and in-frame ligation with an oligonucleotide linker (sense, 5Ј-CATTGCCTTGGCTGTCTAG-3Ј; antisense, 5Ј-AATTCTAGACAGC CAAGGCAATGAG-3Ј). HEK293T cells were stably transfected with plasmids encoding the full-length MUC1 or MUC1-⌬CT molecules (12) and transiently transfected with a pEF6/V5-His (Invitrogen Life Technologies)-based expression plasmid encoding TLR5 (20) or empty vector using Lipofectamine 2000 (Invitrogen Life Technologies) (21) . Transient transfection efficiencies were Ͼ95% in both cases.
ELISA
Mouse KC and TNF-␣ and human IL-8 were quantified by ELISA using commercially available Abs (eBioscience; R&D Systems). All samples were analyzed in triplicate, and standard curves were performed on each plate.
Statistical analysis
Differences between treatment groups were assessed using the Student's t test, and considered significant at p Ͻ 0.05.
Results and Discussion
Muc1
Ϫ/Ϫ mice exhibit increased pulmonary clearance of PA and proinflammatory responses
Because our previous studies showed that Muc1 is a receptor for PA (13-15), we investigated whether or not Muc1 influences airway clearance of the bacteria using Muc1 ϩ/ϩ and Muc1 ϩ/ϩ and Muc1 Ϫ/Ϫ mice and our similar observations in mouse primary tracheal surface epithelial (TSE) cells (our unpublished data) suggested greater PA clearance in Muc1 Ϫ/Ϫ vs Muc1 ϩ/ϩ mice. Bacterial clearance from the airways is mediated by mucociliary processes and phagocytosis by neutrophils and macrophages (3). The former depends on the efficiency of ciliary beating, but, to the best of our knowledge, there are no published studies showing that Muc1 modifies cilia beating. Therefore, we investigated whether the reduced number of PA in lungs of Muc1 Ϫ/Ϫ mice was due to greater leukocyte infiltration. Muc1 Ϫ/Ϫ mice had 73% more neutrophils and 62% more macrophages in BALF compared with Muc1 ϩ/ϩ mice at 4 h postinfection (Fig. 1B) . Leukocyte infiltration into airways in response to bacterial infection is mediated by chemokines, particularly IL-8, the expression of which is enhanced by cytokines such as TNF-␣. Therefore, we next examined KC and TNF-␣ levels in BALF of Muc1 ϩ/ϩ and Muc1 Ϫ/Ϫ mice following i.n. instillation of PA. KC and TNF-␣ levels were significantly greater in Muc1 Ϫ/Ϫ mice compared with Muc1 ϩ/ϩ mice (Fig. 1, C and D) . Collectively, these results suggested that the increased PA clearance in Muc1 Ϫ/Ϫ mice was due to increased proinflammatory cytokine production and leukocyte influx into the airways.
Ϫ/Ϫ mice exhibit increased proinflammatory cytokine production in response to flagellin Flagellin is the major PA factor inducing proinflammatory cytokines during acute airway infection (23) (24) (25) (26) . Accordingly, we asked whether or not the differential responses of Muc1 Ϫ/Ϫ and Muc1 ϩ/ϩ mice to PA could be reproduced by flagellin. PAK flagellin was purified as described previously (27) and determined to have undetectable pilin by Western blotting and LPS levels Ͻ0.1 E.U./g by the Limulus amebocyte lysate test. KC and TNF-␣ levels in BALF following i.n. application of flagellin were significantly greater in Muc1 Ϫ/Ϫ mice compared with Muc1 ϩ/ϩ mice (Fig. 2) . This amount of flagellin corresponds to the amount recovered from 2.0 ϫ 10 6 CFU of PA. The increase in flagellin-induced TNF-␣ production was greater than that recently reported by Honko et al. (26) , possibly due to differences in bacterial strain (PAK vs PAO1), flagellin preparation (native vs recombinant protein), and/or mouse strain (FVB vs BALB/c). Nevertheless, the relative increase in cytokines was virtually identical with the results with PA, suggesting that the proinflammatory response to whole bacteria was mediated by flagellin.
TNF-␣ is produced by alveolar macrophages and KC by TSE cells (1, 2, 28) . Therefore, we hypothesized that these cells in Muc1 Ϫ/Ϫ mice produce more proinflammatory cytokines than Muc1 ϩ/ϩ cells in response to flagellin. Flagellin stimulated greater TNF-␣ levels in media of alveolar macrophages from Muc1 Ϫ/Ϫ mice compared with Muc1 ϩ/ϩ mice (Fig. 3A) . A similar biphasic response to flagellin was previously reported (29) . Additionally, mouse primary TSE cells from Muc1 Ϫ/Ϫ mice produced significantly higher levels of KC compared with Muc1 ϩ/ϩ cells (Fig. 3B) . Collectively, the results presented in Figs. 1-3 
indicated that Muc1
Ϫ/Ϫ mice exhibited a greater innate immune response both in vitro and in vivo following treatment with PA or flagellin compared with Muc1 ϩ/ϩ mice.
Knockdown of MUC1 expression increases flagellin-stimulated IL-8 release
Although the above results suggested a role for Muc1 as an antiinflammatory protein, we could not eliminate the possibility that Muc1 Ϫ/Ϫ mice developed a compensatory Muc1-independent mechanism accounting for the differences with wild-type mice. To test this possibility, primary NHBE cells were treated with a MUC1 siRNA, and flagellin-induced IL-8 levels were determined. Nucleofection of MUC1 siRNA resulted in ϳ95% knockdown of total cellular MUC1 expression (Fig.  4A) , 67% decrease in the number of cells with surface MUC1 expression (Fig. 4B) , and 50% greater IL-8 levels (Fig. 4C ) compared with cells treated with control RNA.
MUC1 expression inhibits flagellin-stimulated TLR5-dependent IL-8 release
TLR5 mediates flagellin-stimulated innate immune responses (6) . Because TLR5 and MUC1/Muc1 are flagellin receptors and both are expressed by airway macrophages and epithelial cells (data not shown), we hypothesized that these two signaling molecules may crosstalk through flagellin. To explore the relationship between MUC1 and TLR5 in response to flagellin, HEK293T cells were stably transfected with a MUC1-expressing plasmid, and flagellin-driven IL-8 release was determined following transient transfection with a TLR5-expressing plasmid. HEK293T cells express TLR5 but not MUC1 (data not shown). Cells transfected with empty vector increased IL-8 release by 55% compared with PBS treatment, whereas cells transfected with TLR5 displayed 164% increase following flagellin treatment (Fig. 5) . Flagellin-induced increase in IL-8 release was completely abolished in cells cotransfected with MUC1 and TLR5. In contrast, cells cotransfected with TLR5 and MUC1 containing a deletion of the CT (MUC1-⌬CT) exhibited IL-8 secretion that was undistinguishable from cells expressing TLR5 alone. These results indicated that overexpression of MUC1 in HEK293T cells inhibited flagellin-induced TLR5 signaling.
Although TLR5 is the only TLR specific for flagellin, its signaling pathway is shared by TLR2 and TLR4 (30) . Therefore, to address the specificity of the MUC1/Muc1 effect, we investigated whether LPS-induced TLR4 signaling is also affected by the presence of Muc1 by using PM prepared from wild-type and Muc1 null mice. The amounts (mean Ϯ SEM; n ϭ 4) of TNF-␣ released into spent media of cultured PM during the 4-h treatment with 1, 10, 100, and 1000 ng/ml LPS were Ϫ/Ϫ PM produced significantly higher levels of TNF-␣ compared with Muc1 ϩ/ϩ PM (p Ͻ 0.05) to 10, 100, and 1000 ng/ml concentrations of LPS, suggesting that the suppressive effect of MUC1/Muc1 was downstream of TLR4/5.
In conclusion, our results are the first to demonstrate an antiinflammatory role for MUC1/Muc1 in response to bacterial infection or exposure to bacterial products. Because MUC1 expression is up-regulated by neutrophil elastase (21), a major product of airway inflammation, we speculate the antiinflammatory activity of MUC1/Muc1 may play an important role in protecting lungs from excessive inflammation during bacterial infection.
